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Abstract 19 
The superficial hip adductor muscles are situated in close proximity to each other. Therefore, 20 
relative movement between the overlying skin and the muscle belly could lead to a shift in 21 
the position of surface EMG electrodes and contamination of EMG signals with activity from 22 
neighbouring muscles.  The aim of this study was to explore whether hip movements or 23 
isometric contraction could lead to relative movement between the overlying skin and three 24 
adductor muscles: adductor magnus, adductor longus and gracilis. We also sought to 25 
investigate isometric torque-EMG relationships for the three adductor muscles. Ultrasound 26 
measurement showed that EMG electrodes maintained a position which was at least 5 mm 27 
within the muscle boundary across a range of hip flexion-extension angles and across 28 
different contraction levels. We also observed a linear relationship between torque and EMG 29 
amplitude. This is the first study to use ultrasound to track the relative motion between skin 30 
and muscle and provides new insight into electrode positioning. The findings provide 31 
confidence that ultrasound-based positioning of EMG electrodes can be used to derive 32 
meaningful information on output from the adductor muscles and constitute a step towards 33 
recognised guidelines for surface EMG measurement of the adductors. 34 
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Introduction 40 
The adductor muscles of the hip make up 13.4% of the total muscle mass of the lower 41 
extremity1 and have a large capacity for generating joint moments, both in the frontal and the 42 
sagittal plane2. However, despite their relative size, there have been only a small number of 43 
studies which have investigated their role during walking3-5, running6-9 and other functional 44 
tasks10,11. Importantly, although there are widely accepted guidelines, e.g. SENIAM12, for 45 
many of the superficial lower limb muscles, there is minimal guidance for surface EMG 46 
measurement of the adductor muscles. This lack of guidance may be a barrier to future research 47 
aiming to understanding the role of the adductors during different functional tasks.  48 
The individual hip adductor muscles are situated in close proximity on the medial aspect 49 
of the thigh13. Therefore, small movements between the muscle and skin could lead to a relative 50 
shift in the position of an adductor EMG electrode with respect to the underlying muscle and 51 
result in contamination of the EMG signal with electrical activity from an adjacent muscle. 52 
Such movement could arise from two separate mechanisms. Firstly, when a muscle contracts, 53 
the muscle is displaced14 and so moves away from its uncontracted position directly under the 54 
EMG electrode. The second mechanism relates to the fact that when the hip moves through a 55 
large range of flexion-extension, there could be some associated movement of the muscle 56 
relative to the skin. Given these two mechanisms, there is a need to quantify the magnitude of 57 
the movement between the overlying skin and the adductor muscles in order to inform the 58 
development of protocols for surface EMG placement. 59 
Ultrasonography has been shown to be an effective tool for non-invasively quantifying 60 
muscle architecture. For example, ultrasound has been used to measure muscle thickness15 and 61 
elongation of muscle and soft tissue structures during maximal16,17 and submaximal 62 
contraction18. Two previous studies have used ultrasound to identify the boundaries of the 63 
individual adductor muscles and guide placement of surface EMG electrodes13,19. This 64 
approach provides confidence that the EMG electrodes are positioned directly over the 65 
adductor muscle in the position in which the electrodes are applied. However, it is not clear 66 
whether there could be a shift in the relative position of the EMG electrode during muscle 67 
contraction and/or movement of the lower limb. Therefore, further investigation is required to 68 
understand relative movement between the skin and underlying muscle in order to inform 69 
adductor muscle EMG measurement. 70 
As well as understanding relative skin-muscle movement, confidence in EMG 71 
measurements can be developed by investigating the relationship between joint torque and 72 
EMG amplitude. Previous research has shown relationships between EMG amplitude and 73 
isometric torque in different lower limb muscles, such as rectus femoris, vastus medialis, vastus 74 
lateralis20,21. A linear relationship between muscle output and torque, under isometric 75 
conditions does not imply a simple relationship between torque and EMG amplitude during 76 
dynamic tasks.  Furthermore, interpretation of an observed relationship is complicated by the 77 
fact that the load sharing among muscles can change, both for a constant joint torque and also 78 
at different torque levels. Nevertheless, a strong monotonic relationship between an individual 79 
muscle EMG and torque does provide a degree of confidence that dynamic EMG measurement 80 
provide insight into differences in the level of muscle force production both within a task and 81 
across different individuals. To date, there is no study exploring the relationship between hip 82 
torque and EMG amplitude for the adductor muscles during isometric contraction. 83 
At present, there is no widely accepted protocol for surface EMG measurement of the 84 
adductor muscles. Therefore, building on a previously proposed technique which used 85 
ultrasound to map muscle boundaries for EMG placement, we sought to quantify the movement 86 
of the adductor muscles relative to overlying skin during hip flexion-extension movements and 87 
during isometric contraction. We also sought to explore the torque-EMG relationship of the 88 
adductor muscles during isometric contractions. It was felt that the insight gained from this 89 
study would inform the development of subsequent guidelines for EMG measurement of the 90 
adductor muscles.  91 
 92 
Methods 93 
A cohort of 10 male subjects, with no history of lower limb injury or surgery, was 94 
recruited for this study. The mean (SD) age of the subjects was 29 (8) years, height 1.74 (0.05) 95 
m, mass 70.2 (7.3) kg, and body mass index 23.2 (1.4) kg·m-2. The study was approved by the 96 
University of Salford Research and Ethics Committee and all participants gave written 97 
informed consent prior to participation.  98 
We carried out separate measurements for three adductor muscles: adductor longus, 99 
gracilis, and adductor magnus. The other deep adductor muscles were excluded, as they are not 100 
amenable to surface EMG measurement. For each subject, ultrasound imaging (A MyLab70, 101 
Esaote, USA) with a probe (LA923) of 9.23 cm long, was used to map out the borders of the 102 
three adductor muscles (Figure 1a), following the procedure described in Watanabe et al.13. 103 
The position of the centre of the EMG electrode was then marked on the skin in the middle of 104 
the muscle belly at a predetermined point along the length of the muscle. This point was 105 
referenced to thigh length (greater trochanter to lateral epicondyle) and was 60% of thigh length 106 
for the gracilis and adductor magnus muscles and 80% of thigh length for the adductor longus 107 
muscle (Figure 1b). These positions were determined via a pilot study on five people and 108 
chosen as a compromise between being positioned at widest part of the muscle but not being 109 
too close to the groin area, which sometimes led to discomfort during walking. As part of this 110 
pilot study, we compared EMG amplitudes from signals collected at 60, 70 and 80% of thigh 111 
length and selected the position which was associated with the largest signal. Placing EMG 112 
electrodes over the innervation zone (IZ) leads to lower amplitudes22, therefore this process 113 
provided a degree of confidence that the placements were not over the IZ. 114 
 115 
 116 
FIGURE 1 HERE 117 
 118 
To address the first two aims, we used ultrasound measurement to quantify the 119 
movement of the muscle relative to the mark on the skin representing electrode position 120 
(described above). To collect each ultrasound image, the mark on the skin was aligned with a 121 
specific point, marked on centre of the ultrasound probe which ensured a consistent positioning 122 
of the ultrasound probe for each image. The ultrasound images were collected at different hip 123 
flexion/extension angles (aim 1) and isometric contraction levels (aim 2). We chose four 124 
different hip flexion-extension angles (0o, 20o, 40o of hip flexion, and 20o hip extension) which 125 
correspond to a typical range of motion during running23,24. Although abduction-adduction 126 
movements of the hip are also likely be associated with muscle movement, these motions are 127 
considerably smaller than sagittal motions during activities, such as running23,24 and walking25. 128 
Therefore, for this study, we chose to focus on hip flexion/extension. These angles were 129 
measured between the thigh and the vertical using a transparent plastic goniometer with a 360° 130 
head and 30 cm arms. For each angle, participants were instructed to maintain the specified hip 131 
position, without external support, in each of the different hip angles while each of the adductor 132 
muscles were imaged separately. The testing order of hip angles was randomised and a rest 133 
period of three minutes was given between each hip test. 134 
To quantify relative movement between the skin and the muscle during isometric 135 
contraction, we used a ramped isometric protocol with contractions at 20, 40, 60, and 80% of 136 
maximum hip adduction torque. These contraction were monitored using the Biodex System 3 137 
isokinetic dynamometer (Biodex Medical Systems, Shirley, NY) and followed a protocol 138 
described by Brent et al.26, in which biofeedback is used to provide subjects with a visual target 139 
at each contraction level. For each isometric test, the axis of rotation of the dynamometer was 140 
aligned with the centre of hip rotation and the participant was instructed to push against the 141 
dynamometer arm in the direction of adduction. For this test, the participant stood on the non-142 
tested leg while the tested leg hung freely in a vertical position. The test began with a 143 
measurement of the maximum torque, after which the participant was provided with feedback 144 
to enable them to contract at 20, 40, 60, and 80% of their maximum in a randomised order. 145 
Similar to the previous test, the three adductor muscles were imaged separately at each 146 
contraction level. The order of the isometric contraction tests, described above, was randomised 147 
and a minimum rest of 30 seconds given between the images collected for each of the adductor 148 
muscles. 149 
To quantify the relationship between adductor EMG activity and torque produced by 150 
the hip adductor muscles, the experiment described above was repeated. However, instead of 151 
recording ultrasound images at each contraction level, EMG data was collected from gelled 152 
electrodes, of 10 mm diameter and 20 mm separation, placed at the marked location (described 153 
above) for each of the three adductor muscles. The EMG data was collected using a Telemyo 154 
system (Noraxon USA) at 1500 Hz. The same protocol as the second experiment (described 155 
above) was followed and the participant instructed to generated four different contraction levels 156 
(20, 40, 60, and 80% of maximum) in a randomised order. For each condition, the participant 157 
was instructed to maintain the contraction for a minimum of 5 seconds. A rest at least 30 158 
seconds was used between each test condition. 159 
To quantify the movement of the skin relative to the underling muscle (aim 1), the 160 
ultrasound images for each subject (corresponding to each hip flexion/extension position) were 161 
vertically aligned (Figure 2). Each ultrasound image captured a transverse plane cross section 162 
of an adductor muscle, with the left side of each image corresponding to the anterior aspect and 163 
the right side corresponding the posterior aspect of the muscle. Vertical lines were then drawn 164 
over each set of images to illustrate the projection of the edges of the EMG electrodes (Figure 165 
3) onto the transverse plane cross section. As each image was collected with the ultrasound 166 
probe located at the same position on the skin (see above), the aligned images provided a clear 167 
measure of the movement of the muscle relative to the overlying skin (Figure 2). The distance 168 
from the electrode boundary (vertical line) to the edge of the muscle (identified visually) was 169 
then measured using the Image J software (available at: 170 
http://rsb.info.nih.gov/ij/docs/index.html) for both the right and left sides. These distances 171 
correspond to a measure, in the anterior-posterior direction, from the edge of the electrode to 172 
the anterior/posterior border of the adductor muscle. 173 
 174 
FIGURE 2 HERE 175 
 176 
Through the process described above, it was possible to obtain the distance (on both 177 
the left and right side) between the edge of the electrode (vertical line) and the edge of the 178 
muscle (shown as white dot) for each subject in each hip flexion/extension condition. For each 179 
set of images, the edge of the muscle was identified visually as the point, furthest from the 180 
vertical line, for which the muscle boundary was still clearly visible (Figure 2). The same 181 
procedure was repeated for aim 2 and the corresponding ultrasound data collected at the five 182 
different levels of isometric contraction. The primary aim of this investigation was to determine 183 
whether the muscle remained within the EMG detection volume at different hip positions and 184 
levels of contraction. Therefore, we calculated the minimum distance between the electrode 185 
and muscle boundary across all 10 subjects. In addition, other descriptive data were derived to 186 
characterise how the muscle moved relative the overlying skin.  187 
 188 
FIGURE 3 HERE 189 
 190 
To address the third aim, EMG data was high pass filtered at 10 Hz and RMS EMG 191 
activity calculated across a 1 second window for each isometric contraction. For each 192 
participant, the RMS data for each contraction level was normalised by the RMS MVIC data. 193 
All EMG processing was performed using Matlab (Mathworks, USA). A linear regression 194 
approach, with standard errors adjusted for clustering27, was then used to investigate the 195 
relationship between EMG amplitude and isometric contraction level. This statistical technique 196 
was selected as it can deal with repeated measures from each participant and was performed 197 
separately for each of the three adductor muscles. 198 
 199 
Results 200 
As hip flexion/extension angle was varied (aim 1), the edge of electrode was observed 201 
to remain within the boundary of the muscle for every subject. Specifically, the minimum 202 
(across all subjects) distance between the muscle and electrode boundary was at least 6 mm for 203 
each of the three adductor muscles (Table 1). However, the mean distance (across the 10 204 
subjects) was between 14-19 mm (Table 1). Importantly, there were minimal side-to-side 205 
differences in minimum, maximum or mean distance from the electrode to the muscle boundary 206 
(Table 1). 207 
 208 
    TABLE 1 HERE 209 
 210 
The isometric contraction data also showed the electrode to remain inside the muscle 211 
boundary. Although the lowest distance was 3 mm for adductor magnus at high contraction 212 
levels (Table 2), at lower contraction levels (20-60%), the minimum distance was 5 mm across 213 
all muscles. Furthermore, the mean distance (across the subjects) was between 12-20 mm, 214 
similar to the values reported in Table 1 for the different hip angles.  215 
  216 
TABLE 2 HERE 217 
 218 
The regression models showed that there was a linear relationship between torque and 219 
muscle activity (p<0.001) for each of the three adductors, with r-squared values from 0.45-220 
0.61. These models showed that isometric torque significantly affected muscle activity, where 221 
increasing isometric torque by 1% increased adductor activity by 3.3-4.0% (Table 3).  Visual 222 
inspection of the relationships between muscle activity and torque showed clear monotonic 223 
relationships, for each separate participant across all three muscles. 224 
  225 
    TABLE 3 HERE 226 
 227 
Discussion 228 
This first two aims of this study were to quantify the magnitude of movement between 229 
the adductor muscle and overlying skin that results from either hip flexion/extension or muscle 230 
contraction. The data showed a minimum distance, across the ten subjects, of at least 5 mm 231 
between the electrode and muscle boundary at different hip positions and low to moderate 232 
contraction levels. In addition to the data on relative position, we demonstrated a linear 233 
relationship between torque and muscle activity under isometric conditions. Taken together 234 
these data provide confidence in the ability to derive useful information from EMG 235 
measurements of the adductor muscles when ultrasound is used to guide muscle placement.  236 
Validity of EMG measurement, during walking and running, is influenced by the 237 
relative movement between the muscle and skin. Our data provide novel insight into whether 238 
such relative motion could lead to movement of EMG electrodes away from the target muscle 239 
and therefore contamination of the EMG signal by neighbouring muscles. The data showed 240 
that, in almost all cases, there was a distance between the edge of the electrode and the muscle 241 
boundary of at least 5 mm, which was equivalent to the radius of the EMG electrode. In many 242 
cases, it is likely that the true boundary of the muscle was further from the electrode boundary 243 
than our data suggest. This is because boundaries were identified conservatively as the furthest 244 
point on the muscle border which was clearly visible in the ultrasound image, see the left side 245 
of Figure 2d for an example. Given the nature of our measurements, distances are likely to be 246 
underestimated and therefore likely to represent a lower bound. We propose that future studies 247 
which use surface EMG to study adductor muscles should follow our protocol, using ultrasound 248 
to position the EMG electrodes centrally over the individual adductor muscles at a distance of 249 
60% of thigh length for the gracilis/adductor magnus muscles and 80% for the adductor longus 250 
muscle. 251 
It is important to acknowledge that relative movement between the skin and muscle 252 
could also occur due to soft tissue vibration, which may result from the impacts associated with 253 
foot contact. Interestingly, previous research has shown significant movement between skin 254 
and underlying bone during walking28,29 and running30. However, it is possible that the skin 255 
and muscle may move together in response to impact loading. If this is the case, then there may 256 
not be appreciable movement between the skin and muscle in which case EMG measurement 257 
would not be affected. However, full investigation of this phenomenon would require dynamic 258 
ultrasound, which was deemed beyond the scope of this investigation. 259 
No previous studies have used ultrasound to investigate relative movements between 260 
the skin and the muscle in the context of EMG measurements. However, it is interesting to 261 
compare our data with research that has used ultrasound measurement to determine changes in 262 
muscle morphology that occur with muscle contraction. For example, during isometric 263 
contraction, Delaney et al.31 examined the rectus femoris and found a decrease in muscle width 264 
of 8 mm to be associated with an increase in contraction to 30% of MVIC. Similarly, at 265 
different knee angles, Delaney et al.31 also observed a change in the width of rectus femoris of 266 
3 mm. These data on rectus femoris are similar to those observed in the current study for 267 
adductor longus with different hip flexion extension angles (Table 1) and gracilis during 268 
isometric contraction (Table 2).  269 
Although there has been no previous research investigating torque-EMG relationships 270 
for the adductor muscles, it is interesting to compare our findings with studies investigating 271 
such relationships in other muscles. Our data match that of Perry and Bekey32; Lawrence and 272 
De Luca33, Woods and Bigland-Ritchie34 and Alkner et al.35 who reported a close relationship 273 
between torque and EMG activity for the biceps brachii, deltoid, soleus and quadriceps femoris 274 
muscles respectively under isometric conditions. In addition, our data is consistent with those 275 
of Bilodeau et al.36 who also reported a positive correlation between the RMS EMG for rectus 276 
femoris (RF), vastus medialis (VM), and vastus lateralis (VL) muscles and the torque in both 277 
men and women. This consistency with research into other muscles provides further confidence 278 
in our ability to measure the degree of activation of the superficial adductor muscles using the 279 
proposed protocol.  280 
Our data show a linear relationship between torque and EMG under isometric 281 
conditions. However, we acknowledge we were not able to quantify this relationship under 282 
dynamic conditions. With a dynamic contraction, there will be a change in the specific motor 283 
units that lie within the EMG detection volume and this, along with the muscle 284 
lengthening/shortening velocity will affect the magnitude of the EMG signal and therefore the 285 
torque-EMG relationship. Although the effect of these changes has not been precisely 286 
quantified, it is likely that there will still be some degree of relationship between torque and 287 
EMG as the primary determinant of muscle force is the number of active motor units and their 288 
firing rates37. Therefore, we suggest that our proposed protocol should be appropriate for 289 
characterising the coordination patterns of the superficial adductor muscles during dynamic 290 
activities.  291 
There some limitations to this study which should be acknowledged. Firstly, the 292 
investigation was restricted to a cohort of lean male subjects in order to minimise the effect of 293 
subcutaneous fat, which will attenuate the EMG signal. Although we would not expect this 294 
subcutaneous layer to change the fundamental nature of the torque-EMG relationships, 295 
further research is required to understand if increased subcutaneous fat would lead to more 296 
relative displacement of the skin and underlying muscle with hip flexion/extension. Another 297 
limitation is that we did not attempt to characterise the relative movement between the skin 298 
and the thigh, which might be associated with impact accelerations. However, we suggest 299 
that, although such impacts are likely to lead to muscle motions, they may not lead to 300 
significant movement of the skin relative to the underlying muscles. Nevertheless, further 301 
research using dynamic ultrasound would be required to confirm this idea. 302 
Another limitation that warrants consideration is that the electrode locations were not 303 
selected from a knowledge of the position of the innervation zones, as such data are not 304 
readily available for the adductors22. However, we did identify a position which, in a pilot 305 
study, was associated with maximal EMG amplitudes. Nevertheless, further work is required, 306 
using array EMG techniques22 to fully map the position of the innervation zones for the 307 
adductor muscles and inform EMG placement. Finally, it is important to acknowledge that 308 
only a small portion of adductor longus and adductor magnus are amenable to surface EMG 309 
measurement. Therefore, the validity of this work, particularly the investigation of torque-310 
EMG relationships, is dependent on the degree to which the part of the muscle, from which 311 
EMG was measured, is representative of force generation throughout the entire muscle.  312 
This is the first study to use ultrasound to track relative motion between the muscle 313 
and overlying skin and provides new insight into electrode positioning. We chose to focus on 314 
the superficial adductors as these muscles are situated in close proximity and there are no 315 
obvious bony landmarks to guide EMG placement. However, our approach has the potential 316 
to be applied to other muscles which are amenable to surface EMG measurement. Recent 317 
developments allow for the acquisition of concurrent EMG and ultrasound data from 318 
superficial muscles38 and could facilitate this approach. We suggest that data on innervation 319 
zone position could be combined with data on relative skin-muscle motion to develop 320 
guidelines which could improve the validity of surface EMG measurement. If performed on a 321 
large scale, such work could be used to publish an atlas for different muscles, similar to the 322 
work of Barbero et al.22. This would be invaluable for the training of both physiotherapists 323 
and movement scientists. 324 
In conclusion, our data show that when EMG placements over the adductor muscles are 325 
guided by ultrasound imaging, the electrodes will remain within the boundaries of the muscle 326 
during different hip flexion/extension and different levels of muscle contraction. In addition, a 327 
linear relationship was observed between torque and EMG amplitude under isometric 328 
conditions. Taken together these data provided confidence that proposed protocol for 329 
positioning surface EMG electrodes can be used to derive meaningful information on muscle 330 
output. We therefore suggest that our proposed protocol be used for future measurement of the 331 
adductor muscles during both static and dynamic tasks. 332 
 333 
References 334 
 335 
1. Ito J. Morphological analysis of the human lower extremity based on the relative 336 
muscle weight. Okajimas folia anatomica Japonica. 1996;73(5):247. 337 
2. Arnold EM, Ward SR, Lieber RL, Delp SL. A model of the lower limb for analysis of 338 
human movement. Ann Biomed Eng. 2010;38(2):269-279. 339 
3. Bogey RA, Barnes LA. An EMG-to-Force Processing approach for estimating in vivo 340 
hip muscle forces in normal human walking. IEEE Trans Neural Syst Rehabil Eng. 341 
2017;25(8):1172-1179. 342 
4. Hu H, Meijer OG, van Dieen JH, et al. Muscle activity during the active straight leg 343 
raise (ASLR), and the effects of a pelvic belt on the ASLR and on treadmill walking. 344 
Journal of biomechanics. 2010;43(3):532-539. 345 
5. Lee SJ, Hidler J. Biomechanics of overground vs. treadmill walking in healthy 346 
individuals. J Appl Physiol. 2008;104(3):747-755. 347 
6. Chimera NJ, Swanik KA, Swanik CB, Straub SJ. Effects of plyometric training on 348 
muscle-activation strategies and performance in female athletes. Journal of Athletic 349 
Training (National Athletic Trainers' Association). 2004;39(1):24-31. 350 
7. Hunter I, Seeley MK, Hopkins JT, Carr C, Franson JJ. EMG activity during positive-351 
pressure treadmill running. Journal of Electromyography & Kinesiology. 352 
2014;24(3):348-352. 353 
8. Kaneda K, Sato D, Wakabayashi H, Nomura T. EMG activity of hip and trunk 354 
muscles during deep-water running. J Electromyogr Kinesiol. 2009;19(6):1064-1070. 355 
9. Montgomery WH, 3rd, Pink M, Perry J. Electromyographic analysis of hip and knee 356 
musculature during running. Am J Sports Med. 1994;22(2):272-278. 357 
10. Chang R, Turcotte R, Pearsall D. Hip adductor muscle function in forward skating. 358 
Sports Biomechanics. 2009;8(3):212-222. 359 
11. Serner A, Jakobsen MD, Andersen LL, Holmich P, Sundstrup E, Thorborg K. EMG 360 
evaluation of hip adduction exercises for soccer players: implications for exercise 361 
selection in prevention and treatment of groin injuries. British journal of sports 362 
medicine. 2014;48(14):1108-1114. 363 
12. Hermens HJ, Freriks B, Disselhorst-Klug C, Rau G. Development of 364 
recommendations for SEMG sensors and sensor placement procedures. Journal of 365 
Electromyography and Kinesiology. 2000;10(5):361-374. 366 
13. Watanabe K, Katayama K, Ishida K, Akima H. Electromyographic analysis of hip 367 
adductor muscles during incremental fatiguing pedaling exercise. Eur J Appl Physiol. 368 
2009;106(6):815-825. 369 
14. Enoka RM. Neuromechanics of human movement. Fifth edition. ed: Champaign, IL : 370 
Human Kinetics; 2015. 371 
15. Thoirs K, English C. Ultrasound measures of muscle thickness: intra‐examiner 372 
reliability and influence of body position. Clinical physiology and functional imaging. 373 
2009;29(6):440-446. 374 
16. Alegre L, Ferri-Morales A, Rodriguez-Casares R, Aguado X. Effects of isometric 375 
training on the knee extensor moment–angle relationship and vastus lateralis muscle 376 
architecture. European Journal of Applied Physiology. 2014;114(11):2437-2446. 377 
17. Konrad A, Tilp M. Effects of ballistic stretching training on the properties of human 378 
muscle and tendon structures. Journal of applied physiology (Bethesda, Md : 1985). 379 
2014;117(1):29. 380 
18. Koppenhaver SL, Hebert JJ, Parent EC, Fritz JM. Rehabilitative ultrasound imaging is 381 
a valid measure of trunk muscle size and activation during most isometric sub-382 
maximal contractions: a systematic review. Australian Journal of Physiotherapy. 383 
2009;55(3):153-169. 384 
19. Lovell GA, Blanch PD, Barnes CJ. EMG of the hip adductor muscles in six clinical 385 
examination tests. Physical Therapy in Sport. 2012;13(3):134-140. 386 
20. Bilodeau M, Arsenault A, Gravel D, Bourbonnais D. The influence of an increase in 387 
the level of force on the EMG power spectrum of elbow extensors. European Journal 388 
of Applied Physiology and Occupational Physiology. 1990;61(5):461-466. 389 
21. Gerdle B, Karlsson S, Day S, Djupsjöbacka M. Acquisition, processing and analysis 390 
of the surface electromyogram. In: Modern techniques in neuroscience research. 391 
Springer; 1999:705-755. 392 
22. Barbero M, Merletti R, Rainoldi A. Atlas of muscle innervation zones: understanding 393 
surface electromyography and its applications. Springer Science & Business Media; 394 
2012. 395 
23. Novacheck TF. The biomechanics of running. Gait and Posture. 1998;7. 396 
24. Preece SJ, Mason D, Bramah C. The coordinated movement of the spine and pelvis 397 
during running. Human Movement Science. 2016(45):110–118. 398 
25. Kadaba MP, Ramakrishnan HK, Wootten ME. Measurement of lower extremity 399 
kinematics during level walking. Journal of orthopaedic research : official 400 
publication of the Orthopaedic Research Society. 1990;8(3):383-392. 401 
26. Brent JL, Myer GD, Ford KR, Paterno MV, Hewett TE. The effect of sex and age on 402 
isokinetic hip-abduction torques. Journal of sport rehabilitation. 2013;22(1):41. 403 
27. Abadie A, Athey S, Imbens GW, Wooldridge J. When Should You Adjust Standard 404 
Errors for Clustering? National Bureau of Economic Research Working Paper Series. 405 
2017;No. 24003. 406 
28. Akbarshahi M, Schache AG, Fernandez JW, Baker R, Banks S, Pandy MG. Non-407 
invasive assessment of soft-tissue artifact and its effect on knee joint kinematics 408 
during functional activity. Journal of biomechanics. 2010;43(7):1292-1301. 409 
29. Benoit DL, Ramsey DK, Lamontagne M, Xu L, Wretenberg P, Renström P. Effect of 410 
skin movement artifact on knee kinematics during gait and cutting motions measured 411 
in vivo. Gait & Posture. 2006;24(2):152-164. 412 
30. Reinschmidt C, van Den Bogert AJ, Nigg BM, Lundberg A, Murphy N. Effect of skin 413 
movement on the analysis of skeletal knee joint motion during running. Journal of 414 
Biomechanics. 1997;30(7):729-732. 415 
31. Delaney S, Worsley P, Warner M, Taylor M, Stokes M. Assessing contractile ability 416 
of the quadriceps muscle using ultrasound imaging. Muscle & nerve. 2010;42(4):530-417 
538. 418 
32. Perry J, Bekey GA. EMG-force relationships in skeletal muscle. Crit Rev Biomed 419 
Eng. 1981;7(1):1-22. 420 
33. Lawrence JH, De Luca CJ. Myoelectric signal versus force relationship in different 421 
human muscles. Journal of applied physiology: respiratory, environmental and 422 
exercise physiology. 1983;54(6):1653-1659. 423 
34. Woods JJ, Bigland-Ritchie B. Linear and non-linear surface EMG/force relationships 424 
in human muscles. An anatomical/functional argument for the existence of both. 425 
American journal of physical medicine. 1983;62(6):287-299. 426 
35. Alkner BA, Tesch PA, Berg HE. Quadriceps EMG/force relationship in knee 427 
extension and leg press. Med Sci Sports Exerc. 2000;32(2):459-463. 428 
36. Bilodeau M, Schindler-Ivens S, Williams DM, Chandran R, Sharma SS. EMG 429 
frequency content changes with increasing force and during fatigue in the quadriceps 430 
femoris muscle of men and women. Journal of electromyography and kinesiology. 431 
2003;13(1):83-92. 432 
37. Merletti R, Farina D. Surface Electromyography: physiology, engineering, and 433 
applications. New Jersey USA: IEEE Press Wiley; 2016. 434 
38. Botter A, Beltrandi M, Cerone GL, Gazzoni M, Vieira TMM. Development and 435 
testing of acoustically-matched hydrogel-based electrodes for simultaneous EMG-436 
ultrasound detection. Med Eng Phys. 2019;64:74-79. 437 
 438 
 439 
 440 
 441 
 442 
  443 
Tables  444 
 445 
Table 1. Distances between the right and left edge of the electrode and the muscle boundary 446 
at the different hip joint angles. The minimum/maximum distances (across all participants) 447 
are shown along with the mean (SD) distance and the mean (SD) muscle width. All values 448 
are presented in millimetres. AL: Adductor longus; AM: Adductor magnus; Gr: Gracilis.  449 
 Hip angle 
Min distance Max distance Mean distance Mean 
muscle 
width Right Left Right Left Right Left 
A
L
 
0o 8 9 22 21 16 (5) 15 (5) 41 (11) 
20o flexion 10 11 31 23 18 (7) 16 (4) 44 (10) 
40o flexion 9 7 28 29 18 (8) 18 (6) 46 (13) 
20o extension 6 10 23 22 16 (6) 14 (4) 40 (9) 
A
M
 
0o 6 7 26 36 16 (7) 19 (9) 46 (14) 
20o flexion 6 6 36 36 18 (11) 18 (11) 46 (16) 
40o flexion 6 6 35 36 19 (10) 18 (9) 47 (15) 
20o extension 7 7 34 32 19 (11) 17 (9) 45 (13) 
G
r 
0o 6 7 24 25 18 (6) 18 (7) 46 (13) 
20o flexion 6 6 26 36 16 (7) 21 (9) 47 (15) 
40o flexion 6 6 34 30 17 (9) 19 (8) 45 (15) 
20o extension 6 6 33 28 18 (9) 19 (8) 47 (14) 
 450 
  451 
 452 
  453 
Table 2. Distances between the right and left edge of the electrode and the muscle boundary 454 
at the different isometric torque levels. The minimum/maximum distances (across all 455 
participants) are shown along with the mean (SD) distance and the mean (SD) muscle width. 456 
All values are presented in millimetres. AL: Adductor longus; AM: Adductor magnus; Gr: 457 
Gracilis. 458 
 % MVIC  
Min distance Max distance Mean distance Mean muscle 
width Right Left Right Left Right Left 
A
L
 
20% 6 6 22 24 12 (5) 15 (6) 37 (9) 
40% 7 5 25 20 14 (6) 12 (4) 36 (9) 
60% 10 6 19 26 14 (4) 13 (5) 37 (8) 
80% 9 5 17 21 12 (3) 14 (5) 36 (6) 
100% 9 6 18 25 13 (3) 14 (6) 37 (7) 
A
M
 
20% 6 7 27 28 18 (7) 17 (7) 45 (13) 
) 40% 5 5 29 28 17 (9) 15 (8) 43 (13) 
60% 6 5 28 29 16 (9) 16 (9) 43 (15) 
80% 5 3 29 33 16 (8) 17 (11) 43 (15) 
100% 6 3 29 30 17 (9) 16 (8) 43 (15) 
G
r 
20% 8 9 27 28 18 (6) 20 (7) 47 (12) 
40% 6 8 29 28 19 (7) 18 (7) 48 (13) 
60% 9 6 31 25 19 (7) 17 (6) 46 (12) 
80% 6 6 34 28 20 (9) 18 (8) 48 (14) 
100% 8 4 27 25 15 (7) 17 (7) 42 (12) 
 459 
  460 
Table 3. Fit of the linear mixed model, r-squared and percentage increase in muscle activity 461 
for every 1% increase in torque for adductor longus, adductor magnus and gracilis muscles. 462 
 463 
Muscle 
Percentage increase in muscle activity 
for 1% increase in torque (95% 
Confidence interval) 
P-value for 
fit of the 
linear model 
R-squared 
Adductor longus 4.0 (3.0-5.1)% <0.001 0.54 
Adductor magnus 3.3 (2.8-3.8)% <0.001 0.45 
Gracilis 3.8 (3.2-4.4)% <0.001 0.61 
  464 
Figures 465 
 466 
Figure 1: (a) Example ultrasound probe locations used to map out the boundaries of the three 467 
adductor muscles. AL: adductor longus; AM: adductor longus; Gr: gracilis; Sar: Sartorius; 468 
SM: semimembranosus; ST: semitendinosus. Note that a-f denote the positions of the 469 
ultrasound probe used to locate the muscle boundaries (adopted and amended from13). (b): the 470 
protocol for determining the electrode location along the length of the muscle, measured from 471 
the greater trochanter to the lateral joint line. 472 
 473 
Figure 2: Example ultrasound images for gracilis at the four different hip joint angles (a-d). 474 
The vertical lines represent the projection of the edge of the surface EMG electrodes and the 475 
white dots show the (conservatively) identified boundary of the muscle. The arrows in image 476 
a show the distances measured from the muscle boundaries to the edge of the EMG electrode 477 
on the right and left sides.  478 
 479 
 480 
 481 
 482 
 483 
Figure 3: EMG electrodes which comprise two 1 cm diameter metal contacts, with a centre-484 
to-centre separation of 2 cm. Vertical lines show electrode boundaries depicted on Figure 2. 485 
 486 
